Background Intense exercise can cause injury and apoptosis, but few studies have reported its effect on the central nervous system (CNS). The initial reason for hippocampus injury is the excitotoxicity of glutamate and calcium overload. Intracellular free Ca 2+ ([Ca 2+ ]i) overload may trigger the apoptosis pathway and neuron damage. The aim of this study was to investigate whether intense exercise could cause hippocampus apoptosis and neuron damage and then to determine which pathway was activated by this apoptosis. Methods We used one bout of swimming exhaustion rats as models. Intracellular [Ca 2+ ]i was measured to estimate the calcium overload by Fura-2/AM immediately after exhaustion; glial fibrillary acidic protein (GFAP) and synaptophysin (SYP) immunofluorescence were performed for estimating astrocyte activation and synapse plasticity 24 hours after exhaustion. Apoptosis cells were displayed using dUTP nick end labelling (TUNEL) stain; endoplasmic reticulum (ER) stress-induced apoptosis pathway and mitochondrial apoptosis pathway were synchronously detected by Western blotting. Results An increasing level of intracellular [Ca 2+ ]i (P <0.01) was found in the hippocampus immediately after exhaustion. GFAP and SYP immunofluorescence showed that the astrocytes are activated, and the synapse plasticity collapsed significantly 24 hours after exhaustion. TUNEL stain showed that the number of apoptosis cells were notably raised (P <0.01); Western blotting of the apoptosis pathway showed increasing levels of caspase-3 cleavage (P <0.01), Bax (P <0.01), caspase-12 cleavage (P <0.01), C/EBP-homologous protein (CHOP) (P <0.01), and phospho-Junaminoterminal kinases (p-JNK; P <0.01) and decreasing level of Bcl-2 (P <0.01). Our results proved that exhaustion can induce hippocampus injury and apoptosis by [Ca 2+ ]i overload, with collapsed synaptic plasticity as the injury pattern and ER stress-induced apoptosis as the activated pathway. Conclusion Intense exercise can cause excessive apoptosis and synapse plasticity damage in the hippocampus with [Ca 2+ ]i overload as the initial reason, and thus provides leads for therapeutic interventions in the brain health of athletes.
I ntense exercise can cause injury and apoptosis in a variety of tissues, for instance, renal tubular cell 1 and lymphocyte. 2 Recently, exercise-induced brain injury and apoptosis has gained much attention. Kerr and Swain 3 were the first to report exercise-induced neuron apoptosis. Their study indicated that exercise resulted in hippocampus apoptosis after 24 hours. A former study also found that exercise regimens can exacerbate cell death lesion size of focal ischemia in rats. 4 A cohort study reported that the explicit memory of a marathon runner was impaired, which indicates hippocampus dysfunction, immediately following the completion of this extreme exercise. 5 In addition, central nervous system (CNS) symptoms of overtraining, such as amnesia, depression, and bad mood, are all related to hippocampus dysfunction. Hippocampus belongs to the limbic system that is extremely important for memory and emotion. The number of intensely exercising athletes and inappropriate exercisers is huge; thus, intense exerciseinduced hippocampus injury and apoptosis should be taken seriously. However, intense exercise-induced hippocampus apoptosis has not been fully proved. Whether and how intense exercise causes hippocampus injury and apoptosis are the main objectives of this study.
The initial reason for the intense exercise-induced hippocampus injury and apoptosis is Ca 2+ overload. Intense exercise is an excitatory stimulation to the hippocampus; glutamate (the main excitatory transmitter) accumulates in the synaptic clefts and activates the postsynaptic ion-type glutamate receptor, N-methyl-D-aspartic acid (NMDA) receptor, which is notable for its high permeability to Ca 2+ . 6 The Ca 2+ overload is particularly neurotoxic, leading to cell injury and apoptosis. 7 This pathological process is called excitotoxicity of glutamate, which is considered as the major mechanism for CNS injuries and apoptosis. 8 There are three pathways for apoptosis, the mitochondria, TNF/ Fas-family death receptors, and endoplasmic reticulum (ER) stress-induced apoptosis pathway. The ER stressinduced apoptosis is a newly defined pathway and is distinct from the two classic pathways. In the commitment phase of ER stress-induced apoptosis, C/EBP-homologous protein (CHOP), Junamino-terminal kinases (JNKs), and Bcl-2 family proteins relay the pro-apoptotic signal to the final execution phase. In the execution phase, all upstream signals lead to the activation of the caspase family, resulting in programmed cell death. 9 Caspase-12 is the characteristic molecule of the ER stress-induced apoptosis, but not of the two classic pathways.
Till date, no study specifies any apoptosis pathways in the hippocampus or other brain regions that are activated by intense exercise; this can partly be attributed to the limited studies in this field. Hippocampus is rich in NMDR receptors and thus it is more vulnerable to excitotoxicity. In fact, ER stress-induced apoptosis takes place before the classic pathways and interacts with them based on the same signal molecules; hence, it deserves more attention in exercise-induced apoptosis in hippocampus. In the present study, we use the swimming exhaustion animal model to ensure (1) whether intense exercise can induce hippocampus injury and apoptosis, (2) what kind of injury can be induced by intense exercise in hippocampus, and (3) whether ER stress-induced apoptosis pathway has been activated by intense exercise in the hippocampus.
We chose glial fibrillary acidic protein (GFAP) and synaptophysin (SYP) as the markers for estimating hippocampus injury and function. G FA P is the predominantly expressed marker of astrocytes, and astrocyte activation is as an early marker of CNS damages. SYP is a major integral transmembrane protein of synaptic vesicles and a marker for the showing and quantification of synapses. SYP is related to synaptic plasticity, 10 and so it serves as a functional marker of the brain. 11 Apoptosis is a programmed cell death which can be partially reversible at an early stage of the process, but necrosis is irreversible and occurs late. Thus, we focus on the apoptosis aspects. What is more, the ER stress-induced apoptosis happens before the classic pathways, and hence we chose to detect ER stressinduced apoptosis.
METHODS

Animals
Male Sprague-Dawley rats (n=72; 8 weeks; (300±20) g) were obtained from the Medical Experimental Animal Center of Peking University. The rats were adapted to the laboratory environment ((22±1)°C, relative humidity (55±3)%) and allowed free access to food and water in a 12-hour light-dark cycle. All experimental procedures were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Our study was approved by the Ethics Committee for Laboratory Animal Care of the Health Science Centre of Peking University.
Swimming protocol
All animals were adapted for three days, and then subjected to swimming adaptation for another four days (15 minutes per day with ascending overload weights from 0 to 3% body weight at the base of their tails). Animals swam in a transparent Plexiglas tank, 80 cm tall, 50 cm in diameter, and filled with water ((31±1) °C) up to a depth of 60 cm. The rats were randomly divided into the exhaustion group (Ex, n=36) and control group (Con, n=36). Ex group were subjected to one bout of swimming exhaustion with 3% body weight. Exhaustion is determined as being submerged continuously thrice and beyond 10 seconds each time, and cannot hang by itself using its limbs. 12
Measurement of the intracellular free calcium concentration ([Ca 2+ ]i)
Rats (n=12 for each group) were immediately anesthetized with pentobarbital sodium i.p. and killed after exhaustion. The hippocampus was mechanically dissociated by passing through a nylon mesh (250 μm and 136 μm). The [Ca 2+ ] i was determined as described previously. 13 Cells were collected and incubated with 5 μmol/L Fura-2/AM in complete medium at 37°C for 45 minutes. The cells were then washed twice, suspended with cold PBS containing 0.2% bovine serum albumin, and incubated for another 5 minutes at 37°C. [Ca 2+ ]i was determined by excitation wavelengths at 340/380 nm and emission wavelength at 510 nm, using a fluorescence spectrophotometer (F-4500, Hitachi, Japan).
Immunofluorescence of GFAP and SYP
Rats (n=12 for each group) were killed 24 hours after exhaustion with anesthesia and perfused transcardially with 2% heparin for 2 minutes following ice-cold 4% paraformaldehyde (PFA) in PBS (pH 7.2-7.4) for 13 minutes. 14 The brains were removed on ice and post fixed in 4% PFA at 4°C overnight. The hippocampus was then cryoprotected in 30% sucrose for 48 hours. The hippocampus was embedded and frozen in liquid nitrogen (LN) calmly. The tissues were sectioned into 20-μm coronal sections using freezing sliding microtome (Leica CM3050S, Germany). Serial sections were made. The sections were incubated with specific GFAP and SYP rabbit polyclonal antibodies (1:100, Santa Cruz Biotechnology, sc-6171-R, sc-9116, USA) at 4°C overnight. Donkey antirabbit IgG FITC secondary antibody (1:200, Abcam, ab6798, Hong Kong, China) was applied at RT for 60 minutes. The sections were visualized using Leica DM300 epifluorescence microscope (200-fold).
Terminal dUTP nick end labelling (TUNEL) staining
The TUNEL staining of the hippocampus sections was carried out using the Roche in situ death detection kit (Roche, 11684817910, Manheim, Germany) according to the user instructions. A DAB substrate was used to display the apoptosis cell. The TUNEL-positive cells were counted under light microscope (Nikon E600, Japan). A grid on the eyepiece composed of 20 μm×20 μm squares was positioned over each hippocampus region (200-fold) and apoptotic cells were counted in the frames. The number of apoptotic cells in each region was normalized with an area of a different hippocampus region according to the square's number 15 (expressed in N/mm 2 ).
Western blotting assay for the ER stress-induced apoptosis pathway
Rats (n=12 for each group) were sacrificed 24 hours after exhaustion. The whole hippocampus was quickly separated on ice and frozen in LN. The hippocampus was diluted 1:10 (w/v) with ice-cold RIPA lysis buffer (50 mmol/L Tris-HCl (pH=7.4), 150 mmol/L NaCl, 1% NP-40, 0.1% SDS) with 1% phosphatase inhibitors mixture (Applygen Technologies Inc., P1260, China) and protease inhibitor (Roche, No. 04693159001, Mannheim, Germany). Protein concentration was determined by the BCA method (Thermo, Pierce BCA Protein Assay Kit, 23227). Aliquots containing 30 μg of total protein were loaded and separated by 12% SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were blocked and incubated overnight at 4 °C with a specific primary antibody against caspase-3, Bax, Bcl-2, CHOP, caspase-12, and p-JNK. Goat antimouse and antirabbit IgG secondary antibodies were used for incubating for 1 hour at RT. Blots were visualized and quantified by LI-COR Odyssey system. All values were normalized to β-actin. GFAP level and SYP level was also measured by Western blotting analysis. CHOP, p-JKK and β-actin were from Cell Signaling Technology (9665, 2772, 2895, 9255, 3700), with dilution of 1:1 000. Caspase-12 and Bcl-2 were from Santa Cruz Biotechnology (sc-5627, sc-7382) with dilution of 1:200. Goat antimouse and antirabbit IG secondary antibodies were from LI-COR (IRDye IM, 926-32210, 926-32211) with a dilution of 1:1 0 000.
Data analysis
Quantitative data were expressed as mean ± standard error (SE), with n denoting the number of rats in each experiment. Quantitative data from the two groups were tested by independent sample t-test. Differences were considered significant if P <0.05. All statistical tests were performed using SPSS 13.0 for Windows (SPSS Inc., USA).
RESULTS
Intracellular free calcium concentration ([Ca 2+ ]i) in the hippocampus
The Ex group showed a notable [Ca 2+ ]i increase compared with the Con group; the [Ca 2+ ]i in the Con group was (212.0±17.7) nmol/L, whereas it was (447.0±58.8) nmol/L in the Ex group (Figure 1, n=12 , P <0.01).
Astrocyte activation level in the hippocampus
The Con group presented a very weak GFAP immunofluorescence signal (Figure 2A and 2C) , whereas the Ex group showed an increased GFAP immunofluorescence signal and significant astrogliosis in the CA1 and DG regions ( Figure 2B and 2D). Western blotting assay showed that the GFAP protein level was enhanced 34% in the Ex group (4.62±0.81) compared with the control group (3.46±0.61, Figure 2E , n=12, P <0.01).
SYP expression in the hippocampus
The Con group had a typical immunoreactivity of SYP ( Figure 3A and 3C) . The Ex group displayed a reducing SYP typical pattern as less number and smaller size ( Figure  3B and 3D). Western blotting showed that SYP protein level (2.05±0.35) decreased by 48% in the Ex group compared with the control group (3.94±0.68, Figure 3E , n=12, P <0.01).
Apoptosis cell count in the hippocampus
The quantified areas of the hippocampus were 16 000 µm 2 , 12 000 µm 2 , and 12 000 µm 2 in the DG, CA1, and CA3 regions respectively. No obvious apoptosis was observed in the Con group ( Figure 4A-4C ), but the Ex group had a significantly increased number of TUNEL-positive cells in all the hippocampus regions (412±52/mm 2 , 220±28 /mm 2 , and 780±98/mm 2 in the CA1, CA3, and DG regions respectively, Figure 4D -4G, n=12, P <0.01).
Western blotting assay for ER stressinduced apoptosis pathway
The protein levels of Bax (0.1±0.02 vs. 0.06±0.01), caspase-3 cleavage (0.11±0.02 vs. 0.06±0.01), caspase-12 cleavage (0.13±0.02 vs. 0.03±0.006), CHOP (0.03±0.006 vs. 0.01±0.002), and p-JNK (phospho-p46: 0.11±0.02 vs. 0.06±0.01 and phospho-p54: 0.06±0.01 vs. 0.03±0.004) were increased by 45% ( Figure 4H , P <0.01, n=12), 83% ( Figure  4J , P <0.01, n=12), 333% ( Figure 4K , 2A and 2C: Control group (Con) astrocytes were not activated in the CA1 and DG regions. 2B and 2D: Exhaustion group (Ex) showed significant astrocyte activation including increased immunofluorescence signal of glial fibrillary acidic protein (GFAP) and astrogliosis; the arrows displayed enlarged cell bodies and thick processes of astrogliosis. 2E: Western blotting showed that GFAP protein level was increased in the Ex group. * P <0.01. P <0.01, n=12), 165% ( Figure 4L, P <0.01, n=12) , and 83% and 100% respectively ( Figure 4M and 4N , P <0.01, n=12); the Bcl-2 level (0.030±0.005 vs. 0.050±0.008) was decreased by 40% compared with the Con group ( Figure  4I , P <0.01, n=12).
DISCUSSION
Intense exercise-induced injury and apoptosis take part in multiple organs distant from the exercise system, for instance, lymphocyte 2 and renal tubular cell. 1 Also, intense exercise is generally considered as an insult to the brain, though gentle and modest physical activity is beneficial.
For example, exercise can protect against chronic restraint stress-induced oxidative stress in the cortex and hippocampus 16 and improve the spatial memory in aged rats; 17 also, aerobic exercise can attenuate the deleterious effects of paradoxical sleep deprivation on the long-term memory. 18 We should notice that all the previous instances are modest or aerobic exercises, which do have protective and beneficial effects on pathologic or aged states, while our studies are focusing on the effects of intense exercise on the hippocampus in healthy state. Adequate exercise results in modest ER-stress, which is protective of numerous pathological progresses, whereas intense exercise leads to prolonged and intense ER-stress, which can induce CNS is a new target of exercise-induced injury and apoptosis. Exercise-induced CNS cell apoptosis was first reported in 2011, which said that exercise training can lead to hippocampus apoptosis in 24 hours. 3 The NMDA receptor, located in the most "fast" excitatory synapses of the CNS, 19 regulates postsynaptic calcium entry that can trigger both normal and pathophysiological intracellular signals. 20 The hippocampus is rich in NMDA receptors, the over-activation of which can mediate Ca 2+ overload, triggering ER stress.
Our results showed that intracellular [Ca 2+ ]i in the hippocampus was raised more than twice immediately after exhaustion. It means that one bout of exhaustion can cause notable [Ca 2+ ]i increase, which subsequently can cause hippocampus injury and apoptosis. As to Ca 2+ overload, we think there are two reasons. (1) The level of intense exercise is too high thus disturbing the ATP metabolism. This theory is the same as exhaustion caused apoptosis in other tissues. (2) While exercising, the hippocampus is excited and releases glutamate, which activates the NMDA receptors causing Ca 2+ influx; in this situation, high level of exercise causes high level of glutamate, thus, causing high level of Ca 2+ influx (Ca 2+ overload).
Intracellular [Ca 2+
]i overload is a trigger of astrocytes activation. 21 In this study, GFAP immunofluorescence indicated that astrocytes were activated 24 hours after one bout of exhaustion. The astrocyte activation is considered as GFAP up-regulation and astrogliosis (hypertrophy of astrocytes, as manifested by enlarged cell bodies and thick processes), and it is referred as an early marker of CNS damages. In fact, reactive astrocytes express proteins capable of both beneficial and detrimental effects on the neuronal health parameters, outcomes of which are dependent on the factors such as the type and extent of injury. 22 We believe that the astrocyte activation in our experiment is detrimental to the hippocampus, because it happened widely in all the regions of the hippocampus and existed together with numerous apoptotic neurons and gliacytes. What is more, Western blotting indicated that apoptosis took place in the hippocampus. The results suggested that one bout of exhaustion can cause hippocampus injury with astrocyte activation as the maker and the intracellular [Ca 2+ ] i overload is responsible for this process.
SYP immunofluorescence revealed that the number and function of the synapse decreased 24 hours after one bout of exhaustion. SYP is a marker for the showing and quantification of the synapse and it plays an important role in synapse formation and stabilization; 23 hence, it is considered as a marker of synaptic plasticity 10 and a functional index of the CNS. 11 Thus, reduced SYP level and collapsed synaptic plasticity is one of the patterns for intense exercise-induced hippocampus dysfunction.
Astrocyte activation and SYP level are associated with neuron or synaptic functions in the hippocampus, which means forming and retaining memories. Hippocampus contains two main parts: Ammon's horn (CA) and the dentate gyrus (DG) region. The flow of information for forming memory in the hippocampus is unidirectional. First, it is from the EC with signals propagating to the DG, then to the CA3 layer, to the CA1 layer, and then finally out of the hippocampus, 24 thus called the trisynaptic circuit. We have found that 24 hours after one bout of exhaustion, the astrocytes were activated significantly in the CA1 and DG regions; the number and size of the synapses were notably downregulated in the CA3 and DG regions and numerous apoptotic neurons appeared in the CA1, CA3, and DG regions. The CA1, CA3, and DG regions play extremely important roles in the trisynaptic circuit. Our results suggest that extreme exercise can insult the trisynaptic circuit of the hippocampus by poor synaptic function and numerous apoptosis neurons, and this may have long-term negative effects on the hippocampus function.
Apoptosis is a programmed cell death different from necrosis. It can be partially reversible at an early stage of the cell death process, but necrosis is irreversible and occurs late. Aberrant apoptosis is related to diseases such as Parkinson disease and Alzheimer's disease in the CNS. Therefore, further research is needed to investigate the apoptosis process. In our experiment, one bout of exhaustion could cause numerous apoptotic cells in the CA1, CA3, and DG regions, including both neurons and gliacytes. High level of apoptosis existed together with astrocyte activation and collapsed the synapse plasticity; thus, we consider exhaustion exercise-induced apoptosis as harmful to the hippocampus and may have long-term negative effects. Those long-term negative effects need to be confirmed in the future experiments.
Caspase is a family of cysteine proteases that is widely activated in neurons and gliacytes in the injured brain, 25 and it is always believed to induce apoptosis. Caspase-3 is an executioner caspase. It is activated by the initial caspase, is proteolytically cleaved, and degrades the structural proteins, signaling molecules, and DNA repair enzymes. 26 The result of western blotting indicated that the caspase-3 cleavage level rose notably 24 hours after exhaustion, which is similar to Kerr and Swain's study. 3 Caspase-3 is the critical executioner of all pathways of apoptosis, and so one bout of exhaustion did induce the common pathway of apoptosis in the hippocampus. In addition, the protein levels of Bax, caspase-12 cleavage, CHOP, and p-JNK were significantly upregulated, whereas Bcl-2 was significantly downregulated 24 hours after one bout of swimming exhaustion. Caspase-12, CHOP, and p-JNK belong to the ER stress-induced apoptosis pathway with caspase-12 (its cleavage is active) as the marker of this pathway. Thus, one bout of exhaustion did activate the ER stress-induced apoptosis pathway in the hippocampus, in this experiment.
Cleavages of caspase-3 and caspase-12 increased partly because the total caspase-3 and caspase-12 upregulated correspondingly without changing in this experiment. Both Bax and Bcl-2 are the key components involved in the mitochondrial apoptosis pathway. Our results also indicated that mitochondrial apoptosis pathway was activated after one bout of exhaustion. To sum up, the ER stress-induced apoptosis took part in the apoptosis process caused by intense exercise-induced apoptosis and finally activated the common apoptosis pathway in the hippocampus.
From the earlier discussion, we consider that the effects of intense exercise on the hippocampus are harmful, besides, collapsed synapse plasticity and the large number of apoptosis neurons may have long-term negative effects. This injury pattern is unique for hippocampus and cannot be avoided when exercising; the more you exercise, the worse you get. This may explain the CNS symptoms in Over Training Syndrome, such as amnesia, depression, and bad moods, which are all related to hippocampus dysfunction.
Our study proved that intense exercise had negative effects on the brain plasticity and structure. We provide a foundation for future research on exercise-induced CNS injury and apoptosis, and also provide targets for studying therapeutic interventions for maintaining brain health in intensely exercised athletes and inappropriate exercisers. The present study proves that intense exercise has negative effects on the hippocampus structure and plasticity, and so it means that exercise not always benefits brain health, especially when the exercise level is beyond what one can tolerate.
Our study may explain the CNS symptoms in Over Training Syndrome, such as amnesia, depression, bad moods related to hippocampus dysfunction among the intensely exercised groups, with the collapsed synapse plasticity and numerous apoptotic neurons and glias as the reason. Our study also provides leads for studying therapeutic interventions for maintaining brain health in intensely exercised athletes and inappropriate exercisers. Decreasing intracellular [Ca 2+ ] i overload, protecting synapse plasticity, and restraining ER stress-induced apoptosis pathway may be targets for studying therapeutic interventions.
In conclusion, one bout of exhaustion can cause hippocampus injury and apoptosis with intracellular Ca 2+ overload as the initial reason; collapsed synapse plasticity was the injury pattern and the ER stress-induced apoptosis participated in the apoptosis process and finally activates the common pathway of apoptosis. Thus, exercise does not always benefit brain health, especially if the exercise level is beyond one's tolerance.
